Age-related loss of skeletal muscle mass and function attenuates physical performance, and maintaining fine muscle innervation is known to play an important role in its prevention. We had previously shown that consumption of milk fat globule membrane (MFGM) with habitual exercise improves the muscle mass and motor function in humans and mice. Improvement of neuromuscular junction (NMJ) was suggested as one of the mechanisms underlying these effects. In this study, we evaluated the effect of MFGM intake combined with voluntary running (MFGM-VR) on morphological changes of NMJ and motor function in aging mice. Seven months following the intervention, the MFGM-VR group showed a significantly improved motor coordination in the rotarod test and muscle force in the grip strength test compared with the control group at 13 and 14 months of age, respectively. In 14-month old control mice, the extensor digitorum longus muscle showed increased abnormal NMJs, such as fragmentation and denervation, compared with 6-month old young mice. However, such age-related deteriorations of NMJs were significantly suppressed in the MFGM-VR group. Increase in the expression of NMJ formation-related genes, such as agrin and LDL Receptor Related Protein 4 (LRP4), might contribute to this beneficial effect. Rotarod performance and grip strength showed significant negative correlation with the status of denervation and fragmentation of NMJs. These results suggest that MFGM intake with voluntary running exercise effectively suppresses age-related morphological deterioration of NMJ, thus contributing to improvement of motor function.
Introduction
Along with the increase in life expectancy, healthy aging has become a major concern for people worldwide. Age-related physical impairments mainly caused by loss of skeletal muscle mass and function (Breen and Phillips, 2011 ) have a significant impact on the quality of life in the elderly by interfering with performing daily activities and a good mental health. The decrease in physical performance including motor coordination is also closely related to increased risk of fall-related injuries and deaths, thus becoming a major problem worldwide (Tinetti, 2003) . Therefore, sustaining motor functions by maintaining muscles and their fine control is one of the key factors for healthy aging.
Age-related loss of muscle mass is attributed to the decrease in muscle fibers number and size. In humans, after the age of 50, decrease in muscle mass is noticeable, and the number of muscle fibers begins to decrease gradually around the age of 50s (Faulkner et al., 2007) . These findings indicate that the loss of muscle fiber might be a primary trigger for severe loss of muscle mass and function. Multiple muscle fibers are innervated by a single motor neuron, defined as a motor unit, and decline in the number of motor units is considered to be closely related to muscle fiber loss. The process of denervation and re-innervation of muscle fibers, also called motor unit remodeling, contributes to maintaining the muscle fiber numbers and function (Ansved and Larsson, 1990; Campbell et al., 1973; Kadhiresan et al., 1996) . Moreover, the loss of motor units is reported to begin at about 50 years of age, in humans, which is consistent with the initiation of muscle fiber loss (Faulkner et al., 2007) . Based on these observations, maintaining well innervated muscle fibers during aging could be the effective countermeasure against the age-related muscle deterioration.
There are two major interventions to maintain muscle mass and function. One is the physical exercise and the other is nutritional supplementation. The beneficial effect of exercise on muscle is not only increased protein synthesis but also improved muscle innervation. Valdez et al. (2010) have reported that 1-month voluntary running wheel exercise effectively reduced the occurrence of age-related abnormalities in neuromuscular junction (NMJ), a critical structure of a motor unit, in 22-month old mice. Nutritional intervention is effective for improving muscle and physical function particularly when combined with exercise. For instance, moderate-intensity exercise in combination with amino acid (Kim et al., 2012) and tea catechins intake showed significant improvement of muscle mass and walking ability in elderly people. Such enhancement of the exercise effect by nutritional supplementation can be quite beneficial especially in older people due to their age-related decline in physical functions.
Based on this, we have searched for an effective nutritional intervention and found that the intake of milk fat globule membrane (MFGM) with habitual exercise has a potent improving effect on muscle mass and physical performance, such as muscle strength (Haramizu et al., 2014a) and endurance capacity in mice (Haramizu et al., 2014b) . The MFGM is the structural membrane covering triglyceride globules that are dispersed as emulsified bodies in milk and contains unique polar lipids and membrane specific proteins (Cavaletto et al., 2008) . These beneficial effects of MFGM with habitual exercise were also confirmed in several human studies in participants ranging from middle-aged to older adults Soga et al., 2015; Minegishi et al., 2016) . Our previous study indicated that increased expression of NMJ-related factors in skeletal muscles might contribute to the beneficial effects of MFGM (Haramizu et al., 2014a) . However, we have not confirmed the actual alteration in NMJ condition with MFGM and exercise, therefore the importance of its improvement for muscle and physical performance has yet to be clarified.
Therefore, we aimed to investigate the effect of MFGM intake combined with voluntary running exercise on the morphological NMJ changes and to clarify its contribution to muscle and motor function in aging mice. In this study, we performed the rotarod test for measuring motor coordination, which is highly related to neuromuscular function, and the grip strength test for measuring muscle force to evaluate motor function. We found that MFGM intake with voluntary running exercise suppresses the age-related morphological deterioration of NMJ, which significantly correlated with improvement of motor function.
Materials and methods

Materials
The MFGM was prepared from buttermilk by filtration and centrifugation, and its composition was also analyzed at the Japan Food Research Laboratories (Tokyo, Japan). The composition of MFGM was as follows: 53.4% protein, 25.2% fat, 13.4% carbohydrate, 20.4% phospholipids (5.69% phosphatidylcholine, 5.69% phosphatidylethanolamine, 1.76% phosphatidylinositol, 2.03% phosphatidylserine, 3.72% sphingomyelin, and other phospholipids), 5.5% ash, and 2.5% moisture. Protein was determined by the Kjeldahl method, fat by the acid hydrolysis method, carbohydrate by calculation, and phospholipids by colorimetric assay and thin-layer chromatography. These procedures were performed in accordance with the Analytical Manual for Standard Tables of Food Composition in Japan and The JOCS Standard Methods for the Analysis of Fats, Oils and Related Materials (Japan Oil Chemists' Society). From here on, we use the abbreviation "MFGM" to signify a diet containing MFGM as an active ingredient, unless otherwise specified.
Animals
Male Balb/c mice (6 month-old) were purchased from Charles River Japan (Yokohama, Japan) and maintained under controlled conditions of temperature (23 ± 2°C), humidity (55 ± 10%), and lighting (0700 to 1900 h). The mice were fed laboratory chow (CE-2; CLEA Japan, Tokyo, Japan) and had free access to drinking water to acclimate to the housing conditions for 1 week. All animal experiments were conducted in the Experimental Animal Facility of Kao Corporation's R&D Department. The study was approved by Kao's Animal Care Committee. All experiments strictly followed the guidelines of the committee.
Experimental design
After the acclimatization, the rotarod test was carried out for measuring the basal motor coordination function (details are described in Section 2.4 Rotarod test). Subsequently, the mice were divided into five groups with similar body weights and rotarod performance (n = 10/group). For the habitual voluntary running exercise groups, mice in two of the five groups were individually housed in plastic cages equipped with a running wheel (SW-15 mg; MELQUEST, Toyoama, Japan). Mice from the remaining groups were individually housed in normal cages, and these mice represented the non-running controls. Each cage had a nest box (Shepherd Specialty Papers, Watertown, TN) for environmental enrichment. In these exercise groups, the voluntary exercise volume (number of rotations) of each mouse was monitored for 1 week, and, subsequently, mice were regrouped within these groups according to their voluntary exercise volume without affecting all other factors. At the beginning of the intervention, five groups were allocated as follows: Young, Sedentary-control diet (Cont-Sed), Sedentary-MFGM diet (MFGM-Sed), Voluntary running-control diet (Cont-VR), and Voluntary running-MFGM diet (MFGM-VR). Mice were allowed ad libitum access to water and one of the following powder diets until sacrifice at the age of 14 months: the control diet containing 10% fat (w/w), 20% casein, 55.5% potato starch, 8.1% cellulose, 4% minerals, 2.2% vitamins, and 0.2% methionine (for the Cont-Sed and Cont-VR groups) or the MFGM diet consisting of the control diet supplemented with 1% MFGM (for the MFGM-Sed and MFGM-VR groups). Dietary intake was measured throughout the experimental period by subtracting the weight of the remaining food from the initial weight of the food given on the previous feeding day. Voluntary exercise volume of each mouse in the VR groups was recorded until sacrifice. Mice from the Young group were allowed ad libitum access to water and the control diet until sacrifice at 6-month of age.
Rotarod test
The motor coordination of mice was evaluated at 6-month and 13-month of age by using a rotarod (MK-610A, Muromachi Kikai, Tokyo, Japan) according to the method described by Graber et al. (2013) . The test device was set to an acceleration program that increases the rotation speed from 4 rpm to 40 rpm within 5 min. Mice were acclimated to the test protocol by performing three trials per day on three consecutive days. On day 4, the performance of each mouse was tested by measuring the time remained on the rotarod. The average of three trials was calculated. The test was performed at rest condition in all mice by locking the running wheels on the day before the measurement to avoid the effect of fatigue in the VR mice.
Grip strength test
The grip strength of the forelimbs was evaluated at 6-month and 14-month of age by using a grip strength meter (47106 Grip Strength Meter for Mouse, Ugo Basile, Varese, Italy) according to the method described by Menalled et al. (2010) and Voikar et al. (2013) . Briefly, a mouse was placed over a base plate, in front of a grasping bar. After grasping the bar with the forelimbs, the tail was pulled backward at a constant power and speed until the mouse loses its grip on the bar. The peak-pull force was recorded. Five measurements were performed for each mouse and the average of the three middle scores was calculated as the grip strength. The test was performed at rest condition for all mice by locking the running wheels in the VR mice on the day before the measurement as in the case of the rotarod test.
Tissue collection
Mice were sacrificed at 6-month of age in the Young group, and at 14-month of age in the other groups. Mice were anesthetized with isoflurane (Abbott Japan, Tokyo, Japan) and perfused transcardially with phosphate buffered saline (PBS), the extensor digitorum longus (EDL), soleus, tibialis anterior (TA), and gastrocnemius muscles of the right leg were dissected and weighed. Subsequently, mice were perfused transcardially with 4% paraformaldehyde phosphate buffer solution (4% PFA; Wako, Osaka, Japan), followed by dissection of muscles of the left leg. Non-fixed muscles were stored at −80°C and used for gene expression analysis. Muscles fixed with PFA were stored at 4°C in PBS solution and used for immunostaining. Based on the report that the fast EDL muscle is more susceptible to the aging effect on NMJ than the slow soleus muscle (Chai et al., 2011) , we used EDL muscles for all subsequent analyses, including the NMJ imaging and gene expression analysis.
Imaging of neuromuscular junction
The PFA-fixed EDL muscles were incubated for 1 h in blocking solution (5% goat serum [Vector Labs, Burlingame, CA], 3% Bovine serum albumin [BSA; Sigma], and 1% Triton X-100 [Sigma] in PBS), then incubated with Synapsin 1 antibody (Cell Signaling, Beverley, MA) in blocking solution (× 400) overnight at 4°C. Subsequently, muscles were washed three times with 0.05% Triton X-100 (T-PBS) and incubated for 2 h with 5 μg/ml Alexa Fluor 555 conjugated α-bungarotoxin (α-BTX; Life Technologies) and 4 μg/ml Alexa Fluor 488 Donkey Anti-rabbit IgG (Invitrogen) at room temperature under light protection. After washing three times with T-PBS, the muscles were whole-mounted on two-hole slides (Toshin Riko, Tokyo, Japan) using VECTASHIELD Hard-Set Mounting Medium (Vector labs). The NMJ images were acquired with an all-in-one fluorescence microscope (BZ-X700, Keyence, Osaka, Japan) for quantitative analysis. Zeiss LSM 880 confocal microscope (Carl Zeiss, Thornwood, NY) was used for acquiring the high-resolution and high-magnification images. Images were taken by Z-stacks with 50-100 μm depth from surface and 1 or 2 μm interval. For quantitative evaluation, five visual fields including about 80 NMJs were taken.
NMJ analysis
Images of acetylcholine receptors (AChRs) immuno-stained with α-BTX were used for the quantification of NMJ fragmentation. Fragmentation of NMJ was defined as several AChR clusters in small islands with round shape. Average numbers of AChRs fragment per NMJ and percentage of NMJ including three or more AChRs fragments were evaluated. Double labeling images of NMJ with anti-Synapsin 1 and α-BTX were used for quantification of denervation. A denervated NMJ was defined as α-BTX-labeled AChRs without co-localization of Synapsin 1-stained axons.
Gene expression analysis
For the quantitative RT-PCR analyses, total RNA was extracted from whole EDL muscle by using an RNeasy Fibrous Tissue Mini Kit (QIAGEN K.K., Tokyo, Japan) following the manufacturer's instructions. Reverse transcription was performed by using a High-Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA). Quantitative RT-PCR was performed on an ABI Prism 7500 with TaqMan Gene Expression All values are presented as means ± SE (Young: n = 10, Cont-Sed: n = 9, MFGM-Sed: n = 9, Cont-VR: n = 8, and MFGM-VR: n = 9). Statistical analysis was conducted using ANOVA followed by Dunnett's test with the Cont-Sed group: *P b 0.05, **P b 0.01. Parameters were measured at the age of 6 months in the Young group and at the age of 14 months in Cont-Sed, MFGM-Sed, Cont-VR, and MFGM-VR groups. All values are presented as means ± SE (Young: n = 10, Cont-Sed: n = 9, MFGM-Sed: n = 9, Cont-VR: n = 8, and MFGM-VR: n = 9). Statistical analysis was conducted using ANOVA followed by Dunnett's test with Cont-Sed group: *P b 0.05, **P b 0.01. EDL, extensor digitorum longus; N.A., not applicable; TA, tibialis anterior.
assays (Applied Biosystems). Assays used in this study are as follows: Arbp/36B4 (acidic ribosomal phosphoprotein P0, Mm00725448_s1), LRP4 (low density lipoprotein receptor-related protein 4, Mm00554326_m1), and AGRN (agrin, Mm01545840_m1). The expression of each gene was normalized to that of the housekeeping gene Arbp/36B4.
Statistical analysis
All values are presented as means ± standard error of the mean (SE). Statistical analysis was conducted using ANOVA followed by Dunnett's test with Cont-Sed group. Correlation was analyzed using Pearson's correlation coefficient. A P value of b0.05 was considered statistically significant. All analysis was performed using SPSS statistical software (version 23.0; SPSS Inc., Chicago, IL).
Results
Effects of MFGM supplementation with voluntary exercise on body and muscle weights
The numbers of mice in the Cont-Sed, MFGM-Sed, Cont-VR, and MFGM-VR groups, which completed the 7-month intervention and were sacrificed at the age of 14 months, were 9, 9, 8, and 9, respectively. Food intake, body weight, and lower limb muscle weights at the end of the study are shown in Table 1 . Body weight of mice in the Young group (6-month old) was significantly lower than that of mice in the Cont-Sed group, but no significant differences between the intervention groups were observed. The Cont-VR and MFGM-VR groups showed significantly higher food intake than the Cont-Sed group. MFGM had no significant effect on food intake. At 14-month of age, we did not observe an age-related decrease in muscle mass. However, the soleus muscle mass of the MFGM-VR group was significantly higher than that of the Cont-Sed group. There was no significant difference between the Cont-VR and MFGM-VR group in the average of total wheel rotation during the intervention (3,038,975 ± 357,653 and 3,506,270 ± 511,328, respectively).
MFGM supplementation with voluntary exercise attenuates agerelated decline of motor coordination and muscle force
We performed the rotarod test to evaluate the motor coordination after 6 months of intervention (at 13 month-old), and the grip strength test to evaluate the muscle force at 14-month of age. The Young group showed significantly higher performance than the Cont-Sed group, indicating an age-related decline of motor function. Retention time on the rotarod of MFGM-VR group was significantly and 67% longer than that of the Cont-Sed group, and was comparable to that of the Young group (Fig. 1A) . In the grip strength test, the MFGM-VR group showed a significantly higher force than the Cont-Sed group (Fig. 1B) .
MFGM supplementation with voluntary exercise attenuates age-related changes in NMJ
To evaluate the effect of MFGM intake with voluntary exercise on NMJ alteration during aging, the structure of NMJ in the EDL muscle at 14 months of age was observed by immunohistochemical method (Fig. 2A) . The Young group mainly showed normal NMJ (Fig. 2B, [a] ). However, abnormal NMJs, such as fragmentation (Fig. 2B, [b] ), partial denervation (Fig. 2B, [c] ), and complete denervation (Fig. 2B, [d] ), were frequently found in the Cont-Sed group, indicating that age-related NMJ deterioration already started at 14 months of age. Five or more AChR clusters per NMJ, defined as severely fragmented, were not observed in any group. Therefore, 14-month-old mice might be still in an early stage of age-related NMJ changes.
In the quantitative evaluation of NMJ, average numbers of AChRs fragments per NMJ (Fig. 3A) and percentage of NMJ including three or more AChRs fragments (Fig. 3B) were significantly lower in Young and MFGM-VR mice compared with Cont-Sed mice. Subsequently, we counted partially and completely denervated NMJs, and calculated the percentage of denervated NMJs (Fig. 3C) . In this study, NMJs with minor loss of innervation were included as partially denervated in order to sensitively detect the early stage of aging-related change in NMJs. Under this condition of analysis, although the incidence of total denervation in all groups was relatively high, Young and MFGM-VR mice showed significantly lower percentage of denervated NMJs compared with the Cont-Sed group.
Subsequently, we performed a correlation analysis between NMJ abnormalities and motor function in each mouse (Fig. 4) . Fragmentation of NMJ showed a significant negative correlation with grip strength, but not with the rotarod performance. On the other hand, NMJ denervation showed a significant negative correlation with both grip strength and rotarod performance.
MFGM supplementation with voluntary exercise increases NMJ-related gene expression
To analyze the mechanism involved in the improvement of NMJ by MFGM supplementation with voluntary running exercise, we performed gene expression analysis related to NMJ formation in the EDL muscle (Fig. 5) . Muscle agrin expression was significantly higher in both the Young and MFGM-VR groups compared with the Cont-Sed group (Fig. 5A) . The expression of LRP4, the receptor of agrin, was All values are presented as means ± SE (Young: n = 10, Cont-Sed: n = 9, MFGM-Sed: n = 9, Cont-VR: n = 8, and MFGM-VR: n = 9). Statistical analysis was conducted using ANOVA followed by Dunnett's test with the Cont-Sed group: *P b 0.05, **P b 0.01. significantly higher in the MFGM-Sed, Cont-VR, and MFGM-VR mice compared with the Cont-Sed mice (Fig. 5B) . Subsequently, we performed a correlation analysis between agrin expression and motor function in each mouse. Both fragmentation and denervation of NMJ showed significant correlation with agrin mRNA expression (Fig. 5C, D) .
Discussion
In this study, we demonstrated that continuous intake of MFGM with voluntary running exercise effectively attenuates age-related deterioration of NMJ, contributing to improvement of motor function.
It is obvious that exercise is a principal strategy for improving muscle and physical performance. Although high-intensity and continuous exercise is highly effective, low-intensity exercise is considered preferable for many people in terms of feasibility considering physical and mental factors, especially in the elderly. The voluntary running wheel exercise used in this study is one of the low-intensity exercise methods and it has been reported to be insufficient to induce increase of muscle mass (Gallo et al., 2006; Ishihara et al., 1998; Legerlotz et al., 2008) . Indeed, our current study showed significant increase in muscle mass and force only in the MFGM-VR group, but not in the Cont-VR group. This finding suggests that MFGM intake could amplify the efficacy of low-intensity exercise and contribute to the improvement of muscle mass and function. At 14 month-old, no age-related decrease of muscle mass was found in all intervention groups, although the muscle force and rotarod performance significantly decreased. These findings suggest that decline of physical performance at this age might be caused not by decrease of quantity, but by deterioration of the quality of the muscles.
The muscle force and motor coordination decline in aged or neuromuscular disorder model mice, these mice also show NMJ abnormalities (Arimura et al., 2014; Graber et al., 2015; Rudolf et al., 2014; Valdez et al., 2010) . Indeed, NMJ abnormalities cause reduction in the signaling function from motor nerves to muscles (Groshong et al., 2007) , which suggests a relation of these changes to the motor deficit in these mice. In this study, 14-month-old mice showed increased appearance of fragmented and denervated NMJs in EDL muscles concomitantly with a decline in performance on the rotarod and grip strength tests. This suggests that age-related alterations of NMJ already started at this age. Compared with the Cont-Sed group, the MFGM-VR group showed significantly suppressed NMJ deteriorations, although both the MFGMSed and Cont-VR groups showed a non-significant degree of decrease. Therefore, MFGM intake combined with habitual light exercise might attenuate the age-related decline in motor function by maintaining neuromuscular signaling. These results are in line with our previous human studies that showed that daily MFGM supplementation combined with regular exercise improves physical performance including motor coordination and force in middle-aged adults Soga et al., 2015) .
NMJ-related genes, agrin and LRP4, were significantly higher in the MFGM-VR group compared with the Cont-Sed group. Agrin is well known as the inducer for AChR clustering that initiate NMJ formation, since increase of AChR clustering with agrin supplementation was reported in cultured C2C12 muscle cells (Zhang et al., 2012) . Additionally, agrin-deficient mice showed abnormal AChR clustering and NMJ formation (Gautam et al., 1996) , while agrin overexpression in skeletal muscles increases the muscle regenerative capacity in congenital muscular dystrophy model mice (Bentzinger et al., 2005) . In this study, we confirmed the significant negative correlation between incidence of NMJ abnormalities and agrin expression. According to these observations, MFGM intake with exercise might facilitate AChR clustering and NMJ formation by increasing agrin expression in the skeletal muscle, resulting in suppression of age-related NMJ abnormalities and decline of motor function. The concomitant increase of expression of agrin's receptor LRP4 in the skeletal muscle of MFGM-VR could partially support this idea. Interestingly, the LRP4 expression level was also increased in the MFGM-Sed and Cont-VR group at the same level as that in the MFGM-VR group. This suggests that a mechanism common to both MFGM intake and exercise contributed to the increase. On the other hand, unlike the expression level of agrin, LRP4 expression level and NMJ degeneration did not show significant correlations (data not shown). Therefore, increased LRP4 level alone may not be sufficient to attenuate age-related changes of the NMJ. A noticeable improvement of NMJ morphology could be obtained by increased agrin level and efficient interaction with its receptor, and MFGM intake combined with exercise is an effective method to achieve this.
Agrin is expressed in motor nerve terminals and skeletal muscles (Burgess et al., 1999; Kim et al., 2008) , and combines to LRP4 for activating the NMJ formation system, including Dok-7 and Musk (Higuchi and Yamanashi, 2011) . In this study, we performed gene expression analysis with EDL muscles. Therefore, the increased agrin in MFGM-VR was considered to be mainly derived from muscle cells. One of the differences between muscle and nerve agrin is the C-terminal z-splice site, which is thought to be related to activation of AChR clustering (Ferns et al., 1992 (Ferns et al., , 1993 . As muscle agrin was reported to have much less activity for AChR clustering than nerve agrin, it has been considered to have no significant activity under physiological concentrations. However, several reports have demonstrated a positive effect of muscle agrin on AChR clustering (Campanelli et al., 1991; Godfrey et al., 1999) . Moreover, Kim et al. (2008) have reported that muscle agrin has an AChR clustering activity equivalent to the neural agrin by altering its glycosylation state. These reports suggest the potential importance of muscle agrin for improvement of NMJ and motor function. From the viewpoint of action mechanism, we previously confirmed that gene expression of Dok-7 decreased in the muscle of senescence-accelerated mice prone 1 (SAMP1) at 11-month-old and recovered by MFGM intake with exercise. In this study, decrease of Dok-7 expression and its recovery by MFGM-VR was not observed in muscles at 14 month-old (data not shown). Judging from the status of NMJ, 14-month-old mice might be in the early stage of aging, suggesting some differences in expressional regulation between these mice, while agrin and LRP4 might be early-response genes for age-related NMJ alterations. Further studies are needed to clarify the contribution of these molecules and the underlying mechanisms.
We performed the correlation analysis between NMJ abnormalities and motor function, and found that muscle force (grip strength) had significant strong correlation with both fragmentation and denervation. Motor coordination (rotarod performance) significantly correlated only with denervation. These findings suggest that the condition of NMJ affects the motor function and its influence is especially strong on the maximum muscle strength. To stay on the rotarod continually, controlling the total body movement adequately by using multiple muscles and appropriate force might be more important than exerting the maximum force quickly. Denervation causes loss of control in muscle fibers, and increase of denervation may lead to the loss of fine-tuning of muscle force exertion. This could be the reason why denervation rather than fragmentation showed a strong correlation with the rotarod performance. Additionally, not only NMJ condition but several important factors, such as cerebellum function and sensory systems, contribute to the . All values are presented as means ± SE (Young: n = 10, Cont-Sed: n = 9, MFGM-Sed: n = 9, Cont-VR: n = 8, and MFGM-VR: n = 9). Statistical analysis was conducted using ANOVA followed by Dunnett's test with the Cont-Sed group: **P b 0.01. (C, D) Agrin mRNA expression level shows a significant negative correlation with both fragmented and denervated NMJs. Correlation was analyzed using Pearson's correlation coefficient and P b 0.05 was considered statistically significant. motor coordination. Clarifying the effects of MFGM on the age-related changes of these factors will be needed to deepen the understanding of its efficacy.
MFGM characteristically contains membrane-specific proteins and several types of phospholipids such as phosphatidylcholine and phosphatidylserine, and sphingolipids, any of which potentially contributes to the effectiveness of MFGM. On the basis of our previous study that demonstrated that the sphingolipid fractions of MFGM and sphingomyelin increased NMJ-related gene expression levels in muscle cells (Haramizu et al., 2014a) , we considered that sphingolipids play an important role in improving the condition of NMJs. Phosphatidylcholine, a major phospholipid component of MFGM and a substrate for sphingomyelin biosynthesis, may also potentially affect sphingolipid metabolism and contribute to the effectiveness of MFGM. Skeletal muscle is well known to originally have abundant sphingolipids, and exercise has been reported to activate the sequence of sphingolipid metabolism in skeletal muscle (Błachnio-Zabielska et al., 2008) . Additionally, sphingosine-1-phosphate, one of the major metabolites of sphingomyelin and known as signaling sphingolipid, is reported to attenuate muscle damage and promote muscle repair (Sassoli et al., 2011) . These finding indicate that sphingolipid metabolism might have a significant role in muscle conditioning. Our finding that exercise increases the efficacy of MFGM suggests that intake of MFGM, as the source of sphingolipids, combined with exercise as the metabolic activator might synergistically improve the efficiency of metabolic turnover to produce active component for NMJ refinement. Elucidating the precise association between sphingolipid metabolism and regulation of NMJ will contribute to both understanding the efficacy of MFGM and to the discovery of novel effective methods for NMJ improvement.
This study has limitations that should be considered. We observed the benefits of MFGM supplementation with exercise in late-middleaged mice, not in old-aged mice in this study. Whether these effects are especially beneficial at the early stage of aging or remain so in a more advanced aging stage has not been fully clarified yet. Further experiments with old-aged mice are required to elucidate MFGM's agedependent effectiveness.
Conclusion
To the best of our knowledge, the present study is the first study to show that MFGM intake with voluntary exercise suppresses age-related morphological deterioration of NMJ in mice, which significantly correlates with improvement of motor function. Increased expression of the NMJ-related genes, such as agrin and LRP4, might contribute to this beneficial effect. However, further studies are needed to clarify the underlying mechanisms of this action.
